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HotspotThe effect of anode shapes on pinch structure and X-ray emission of plasma focus device operated with
cylindrical, diverging, oval and converging anode tips is reported. The pinch structure in the radial
compression phase has been investigated by employing a triple pinhole camera. It has been observed that
pinch structure as well as the X-ray emission of PF device strongly depends upon anode tip designs. For
the ﬁrst time the studies were carried out in two new shapes of anode tips that is the oval and the
divergent one. It has been observed that the oval and diverging anode tips are more conducive for the
formation of instabilities and hotspot generation. The studies of X-ray emission were also carried out
by employing three channels of a p-i-n diode X-ray spectrometer in entire anode designs to corroborate
the results of a triple pinhole camera. Additionally, the effective hard X-ray photon energy was also esti-
mated by the radiography method for all the anode tip designs, which indirectly provide a qualitative
idea of the generation of induced accelerating ﬁeld in the pinched column during compression.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
The plasma focus (PF) device produces highly dense transient
pinch plasma by making use of self-generated magnetic ﬁeld for
compression of current sheath. The pinch plasma of PF device
exhibits various interesting plasma phenomena such as formation
of sausage and kink instabilities [1], Raleigh tailor Instabilities [2],
hotspots [3] and so on. Besides, it is a rich source of various electro-
magnetic radiations starting from IR to X-ray [4–8], charged parti-
cles [8] and neutrons [9]. Due to the profuse radiation emission, PF
device has found applications for X-ray lithography [10], electron
beam lithography [11], material processing [12], ion implantation
[13], pulse neutron activation analysis [14] etc. On the other hand,
Lee et al. [15] termed PF as an excellent device to teach plasma
dynamics, thermodynamics, plasma phenomena and plasma nu-
clear fusion with its added features of simplicity and cost-effec-
tiveness. Thus, the PF device has proved itself as a unique device
in terms of innumerable aspects of basic physical phenomena
and several prospects for technological applications. As a result,
the PF device has still been able to draw attention to researchers
for basic research as well as for improving its performance as a
source of various emissions. In this line, researchers studiedvarious physical phenomena such as current sheath dynamics,
optimized working pressure, instability growth, etc. along with
the emissions of various radiations by changing different experi-
mental conditions and parameters such as bank energy, circuit
inductance, gas types, anode design, etc. [16–20].
It is observed that the pinching of plasma column greatly
depends on the dimension and shape of its electrode assembly as
a whole or in parts. Recently, Mohammadi et al. [20] studied the
pinch dynamics and X-ray emission using three different anode
shapes and observed some interesting structures of the pinch
column. They also found that the pinch plasma length decreases
as anode radius decreases, resulting in a reduction of total soft X-
ray yield. Similarly, Kubes et al. [21] found that the presence of
the anti-anode inﬂuences the distribution of the plasma density
in front of the anode and decreases the neutron yield. A reduction
of neutron generation was observed without a conventional outer
cathode than with it in PF device as reported by Bruzzone et al. [22]
Zhang et al. [23] reported that the change in insulator sleeve length
modiﬁes the current sheath curvature angle and thus the length of
the pinched plasma column that affects the neon soft-X-ray emis-
sion. Beg et al. [19] observed that the structure and the dimensions
of the X-ray-emitting plasma are different for low- and high-Z
gases. They also found that the X-ray emission maximizes at a
pressure, which depends on the constituent gas and the anode
length. Zakaullah et al. [7] studied the effect of anode shape on
PF operation with argon as operating gas and reported that an
appropriate shaping of the anode tip could enhance the emission
of both ion beam and X-ray. Rawat et al. [24] optimized their
Fig. 1. Sketch of the PF device with triple pinhole camera and PMT.
N. Talukdar et al. / Results in Physics 3 (2013) 142–151 1433.3 kJ neon-ﬁlled PF device for maximum X-ray yield by varying
the insulator sleeve lengths. They concluded that the insulator
sleeve could severely affect the X-ray yield. Similarly, Bhuyan
et al. [25] observed a ten-fold enhancement of X-ray emission in
an appropriate shape of the anode. In the same conﬁguration of
Ref. [25] Mohanty et al. [26] also observed an enhancement of
ion beam emission in the same shape of the anode.
Inspired from the earlier reports on the effect of the anode
dimension on the pinch structure and emission of various radia-
tions, an effort has been made to study the pinching phenomena,
generation of instabilities and hotspots of PF device by using four
different anodes. In this experiment, we have introduced two
new shapes of anodes i.e., diverging and oval along with the earlier
explored shapes e.g., cylindrical and converging. The lengths of an-
odes are kept same with the cylindrical one keeping the radius
same with cylindrical anode up to a certain height. Beyond that
height, in case of diverging one, the radius increases gradually over
the last few centimeters of its length, while in case of oval one, a
bulging out portion is introduced over the last few centimeters of
its length toward the open end. Therefore, it can be mentioned that
the radius of cylindrical anode (1.05 cm throughout its length) is
the basis of all the other anodes. These two new shapes of anodes
may provide us information on the structure of plasma column and
X-ray emission, which may be somewhat different from the other
anode shapes. In this way introduction of these two anode shapes
can be considered as novel in PF research. Thus four anode tips of
different shapes have been used and a triple X-ray pinhole camera
captures the images of pinching region. Three channels of a p-i-n
diode X-ray spectrometer [25] were employed simultaneously to
study the X-ray emission from PF device in entire anode designs
to corroborate the results of a triple pinhole camera. Furthermore,
the strength of the induced accelerating ﬁeld depends on the struc-
tures, dimension and compression of the plasma column. Again,
the dimensions and other structures of the plasma column depend
on the electrode structures and dimensions [7,20,25]. Therefore,
the information on the accelerating ﬁeld induced in the different
anode designs may be important along with the pinch structures.
The qualitative idea of induced accelerating ﬁeld in different anode
shapes is brought from the measurement of hard X-ray energies.2. Experimental set up
2.1. Plasma focus device
The experiment was carried out in a 2.2 kJ Mather type PF de-
vice, which consists of a coaxial electrode assembly. The schematic
of the experimental system is shown in Fig. 1. The system was
energized by a high voltage energy storage capacitor (7.1 lF,
40 kV), which can deliver a peak current of around 110 kA. The de-
tailed electrical and mechanical parameters are reported else-
where in. [27]. The whole electrode assembly is housed inside a
stainless steel evacuation chamber having an approximate volume
of 6 L. The chamber is ﬁlled with hydrogen gas and evacuated up to
a desired pressure level. A Mcleod gauge monitors the pressure of
the chamber. In the present experiment, we have operated the PF
device with four different shaped anodes namely diverging tip,
oval tip and converging tip in addition to the conventional cylindri-
cal tip anode as shown in Fig. 2. It is worth mentioning that any
change in electrode dimension in PF device alters the current
sheath traversal time ta as suggested by the Lee model Eq. (1) [28].
ta ¼ 4p
2qoðb2  a2Þz2o
lI20 ln ba
 
" #1=2
ð1Þwhere ‘a’ and ‘b’ are the anode and cathode radius, qo is the ambient
gas density, Zo is the length of the anode and I0 is the peak discharge
current. Any change in dimension of ‘a’ or ‘b’, leads to a change in
the optimum operating pressure so that the value of ta is main-
tained to synchronize with the time of peak discharge current.
Accordingly, in case of diverging and oval anode, the operating
pressure should decrease. On the contrary, the optimum operating
pressure should increase in case of converging anode.
Therefore, we have made a pressure scan of each anode in PF
device and observed the optimum operating pressure according
to the Lee model. The optimum operating pressure for cylindrical,
diverging, oval and converging anodes is 0.6–0.7, 0.1–0.2, 0.7–0.8
and 1.0–1.2 Torr of hydrogen gas, respectively. It is notable that
the accurate measurement of pressure by a McLeod gauge is difﬁ-
cult by observing with the naked eye, as the physical gap between
two consecutive readings is very small. Thus the measured pres-
sures might be little bit undervalue or overvalue, because of the
limitation of human eye resolution. In our measurement, we could
not adjust the pressure to a single point and therefore, we have gi-
ven the pressure in the range of 0.6–0.7 or 0.7–0.8 Torr. Further the
experimentations were carried out at an optimum pressure of each
anode design.2.2. The triple-pinhole camera
The pinhole based X-ray imaging camera [25] is an efﬁcient and
cost effective as well as simple device to study space resolved
X-ray emitting zone of dense hot pinched plasma of PF device. It
gives an overall idea of the location of the X-ray emitting zone as
well as approximate size and qualitative idea of radiation density
of the X-ray emitting plasma column. The introduction of multiple
pinholes in the pinhole camera will help to capture the image of
pinched plasma column of PF device in a single shot with multiple
ﬁlters of different thickness.
Thus, an X-ray pinhole camera (Fig. 3) that is capable of captur-
ing three images simultaneously of the same object was fabricated
and employed to capture X-ray emitting zone of PF device. The
three pinholes were made by drilling on a 1 mm thick Aluminum
circular disk of diameter of 35 mm having 9 mm distance apart
from each other’s on a straight-line. The size of each pinhole is
300 lm and the resolution of each pinhole is around 600 lm. We
used three pinholes in the camera due to the limitation of the port
size of our device. However, one may incorporate more numbers of
pinholes in a camera with a larger sized viewing port. The circular
disk along with the pinholes was ﬁxed light tightly on one side of a
Fig. 2. Schematic of four anode designs.
Fig. 3. 3D view of triple pinhole camera.
Fig. 4. Ray diagram of triple pinhole camera for forming three images.
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covered by an Aluminum (Al) foil for blocking visible light. The
other end of the cylinder was kept closed with another removable
faceplate, in which the ﬁlm holder was placed. To record the image,
commercially available X-ray ﬁlm (‘Kodak’) with medium grain
size was used, which was placed in the ﬁlm holder. Provision
was kept to evacuate the camera along with the PF chamber
through a zigzag path to reduce X-ray absorption. A ray diagram
of the pinhole camera, capable of capturing three images of the
object is shown in Fig. 4. In the experimentation, the three images
of plasma column in a single shot were captured with Al ﬁlters of
thickness of 2, 4 and 6 lm in front of the pinholes. The use of 2, 4
and 6 lm Al ﬁlters helps to observe X-ray emitting zone with the
variation of intensities. It is noted that the use of 2 lm Al foil needs
extreme care so that it does not rupture by the pressure shock of PF
device during the experimentation. Subsequently, we increased
the ﬁlter thickness as a combination of 2 lm Al to make 4 and
6 lm. However, one can employ more ﬁlters of different thick-
nesses or more combination of them to study X-ray emitting zone
of PF device.3. Result and discussion
3.1. X-ray emitting zones of PF device
An X-ray pinhole camera that is capable of capturing three
images simultaneously of the same object was assembled and
employed to capture X-ray emitting zone of PF device. The dimen-
sional structures of the three X-ray images (Fig. 5) of the plasma
column, captured by putting ﬁlters of same thickness (2 lm Al)
in front of each pinhole, found to be identical, which indicates that
the each pinhole views almost the same region of the plasma col-
umn. The pinhole images of plasma column in one shot, captured
with Al ﬁlters of thickness of 2, 4 and 6 lm in front of pinholes,
are shown in Fig. 6(a–c). It is observed that the dimension as well
as the intensity of the images decreases as the ﬁlter thickness in-
creases from 2 to 6 lm of Al ﬁlter. These images are the X-ray
emitting zone of PF device operated with cylindrical anode. In
Fig. 6(a), it is observed that the X-ray emitting zone of the PF device
(using 2 lm Al) has a columnar structure of length of around 8–
12 mm and diameter of around 2–4 mmwith a distinct anode edge
region. In nitrogen and neon operated PF, Beg et al. [19] also found
6–10 mm long plasma column, but with a diameter <1 mm. In
Fig. 6(b), the image recorded with Al ﬁlter of thickness 4 lm, both
the anode edge and core region of the plasma column is observed.
The linear and lateral dimensions of the cores are found to be
around 3–4 mm and 0.5 mm, respectively. The decrease in dimen-
sion and intensity of the pinch column in Fig. 6(b) and (c) is due to
cut-off of low energy X-ray emission coming from the regions
surrounding the core region, which could not pass through the
Fig. 5. X-ray emitting zone of PF device using 2 lm Al ﬁlter operated with cylindrical anode.
Fig. 6. X-ray emitting zone, captured with 2, 4 and 6 lm Al ﬁlter operated with cylindrical anode.
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indicates the existence of a small source of intense harder radiation
inside the soft X-ray emitting region. It is observed that in the
periphery of plasma column neck like structures are formed in
few cases and this is due to the generation of sausage instabilities
(m = 0).
The image of X-ray emitting zone, obtained with diverging
anode tip with different ﬁlters is shown in Fig. 7 (column length:
10–11 mm, diameter: 1–2 mm). Though the X-ray emitting
column is observed to be dimensionally similar to the cylindrical
anode tips, typically, it is often tilted from the axis and the image
is observed to be less intense with 2.0 lm ﬁlter. In most of the
cases, the core region is not observed with 4 lm ﬁlter except in
few rare images, tiny spots appeared in that place. The anode edge
emission is observed to be less intense than oval and cylindrical
anode. The neck and bent like structures (Figs. 7 and 8) resembling
the sausage (m = 0) and kink instabilities (m = 1) are also observed
in most of the cases of diverging anode tip.
The dimensional structure of X-ray emitting zone of PF device
with oval anode tip is almost similar to that of the cylindrical
and diverging anode as evident from Fig. 9 (column length: 10–
11 mm, diameter: 1–2 mm). But, the intensity of X-ray emitting
anode edges is found to be less as compared to that of cylindrical
one. The formation of neck like structures (m = 0) in more than
one place occurs frequently in case of oval anode tip with 2.0 lmAl ﬁlter (Fig. 10). In most cases, tiny spots appear in place of the
core region with 4 lm ﬁlter (Fig. 11) and on the other hand in
few cases, the formation of some tiny spots at the forefront of
the image is also observed (Fig. 12) with 2.0 lm ﬁlter.
The X-ray emitting zone (Fig. 13) obtained with converging an-
ode tip is observed to be highly dense and dimensionally quite dif-
ferent from those obtained from other anode designs. Here, a dense
columnar structure of length (10–18 mm) & diameter (3–5 mm)
was observed with 2 lm Al ﬁlter. However, the column appears
to be squeezed to a highly dense smaller region of radiating
plasma, when the images are captured with 4 and 6 lm Al ﬁlter.
The emission from plasma column is very bright and intense for
this anode tip and the presence of anode edge emission cannot
be ascertained in this case.
From these observations, we have an idea that there are many
regions of different intensities of X-ray emissions embedded in
the plasma column and the pinch structure of PF device strongly
depends upon anode tip designs. It is noted that the emission from
the anode edge region is not only due to the plasma, but also due to
the interaction of high-energy electron beam with the anode
surface as well as with the anode vapor. Fig. 6(a) distinctly shows
the formation of anode vapor near the anode edge. The formation
of anode vapor was also reported by Wang et al. [29] Bostick
et al. [30] reported that the X-ray emission takes place from a clus-
ter of several localized regions, which are immerged in diffused
Fig. 7. X-ray emitting zone of PF device with diverging anode tip using 2, 4 and 6 lm Al ﬁlter.
Fig. 8. Formation of kink (m = 1) instabilities in the pinched plasma column
operated with diverging anode.
Fig. 9. X-ray emitting zone of PF device with o
146 N. Talukdar et al. / Results in Physics 3 (2013) 142–151plasma. The exact mechanism of occurrence of more instability in
diverging and oval anode tips is unknown. However, from the ear-
lier reports, we can assume that the instability generation in these
two anode tips is related to anode radius, optimized operating
pressure and current sheath velocity. Youseﬁ et al. [31] and Beh-
bahani et al. [32] reported that the stability of the plasma column
is very sensitive to operating pressure and occurrence of instability
growth in the plasma column is higher if the operation pressure is
lower. As the operating pressure is relatively low for the diverging
anode, the occurrence of instability generation is also more. More-
over, the radius of the anode largely inﬂuences the current sheath
motion. In case of oval anode, there is a bulge spherical portion just
before the end. Therefore, the shape of the current sheath (transi-
tion arc and contact angle of the current sheath with the central
electrode) along with its speed changes in several places during
its motion. This will generate disturbances to the current sheath
motion, as the position of the accumulated gas mass above the cur-
rent sheath changes with the change of anode radius in the bulge
portion. Similar type of observation has been reported by Lu [33],
where the author pointed out that the stability of the pinch column
depends on the change in the transition arc of the current sheathval anode tip using 2, 4 and 6 lm Al ﬁlter.
Fig. 10. Formation of sausage (m = 0) instabilities in the pinched plasma column
operated with oval anode.
Fig. 12. Formation of hotspot at the forefront region of plasma column of oval
anode.
N. Talukdar et al. / Results in Physics 3 (2013) 142–151 147during its motion from axial direction to radial direction toward
the end of the different anode tips. The instability generation is
more when the arc of current sheath is smaller. Therefore, the
observed enhancement of instabilities in oval anode might be
due to severe disturbance (change in transition arc) of the current
sheath during it motion toward the open end. It is noted that the
hard X-ray emission in multiple pulses can be considered to have
originated from enhanced instability formation in the plasma col-
umn [34]. Fig. 14 shows typical hard X-ray signals obtained for
each anode tip. It is observed that in most of the shots (68%) with
oval anode, the hard X-ray signal shows multiple pulses followed
by diverging anode (48%), cylindrical anode (36%) and converging
anode (28%). The more often observed multiple pulses of hard X-
ray signal (68%) with oval anode imply that the formation of insta-
bilities is more than the other anode designs. Sadowski et al. [35] in
the context of multiple pulses of ion beam, also reported that the
ﬁrst pulse of beam is due to the inductive ﬁeld and the subsequent
pulses are related to the ﬁeld connected with anomalous resistiv-
ity, local electric ﬁelds induced by a fast decay of plasma micro-
structures, etc. Therefore, the observed multiple hard X-ray pulse
may be a good support to our observation of enhancement of insta-
bility by a pinhole camera.
In case of converging anode, a highly dense plasma zone is ob-
served as mentioned earlier and it may be due to higher optimumFig. 11. Formation of hotspot at the core reoperating pressure and reducing anode radius. In high pressure,
the plasma density will be more, resulting in high X-ray emission.
Additionally, due to tapering of the anode tip, the current density
as well as the azimuthal magnetic ﬁeld will be very high at the
tip, which cause severe anode tip erosion [7]. The anode tip erosion
contributes to the X-ray emission from there, resulting in a highly
contaminated dense plasma region. For converging anode tip, it is
to be noted that there is no current sheath transition from axial to
radial phase, whereas for the other anode tips each has a clear cur-
rent sheath transition. This may be a reason for resulting distinctly
different images particularly in converging anode tip too, while
taking images through the thicker ﬁlters.
In our experiment, we are able to capture images of (Fig. 11(b))
some high-density tiny spots as mentioned earlier, which is so-
called as hotspot. The hotspots reside inside the plasma column
and emit X-rays of relatively higher energy. Experimental observa-
tion shows that the characteristic temperature of the hotspots is
higher than that of the surrounding plasma [36]. Therefore, on
use of higher thickness ﬁlter, X-rays from surrounding plasma
column are absorbed and allow only X-ray coming from hotspots
(Fig. 11(b)). Typical size of the hotspots depends on the operational
conditions and generally it varies from tens to hundreds of micronsgion of plasma column of oval anode.
Fig. 13. X-ray emitting zone of PF device with converging anode tip using 2, 4 and 6 lm Al.
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Fig. 14. Typical hard X-ray signals for (a) cylindrical, (b) diverging, (c) oval and (d)
converging anode tips.
Table 1
Statistical data of hotspot formation in ﬁve PF shots.
Sl. No. of shot Cylindrical Divergent Oval Converging
1 1 1 2 1
2 1 1 1 3*
3 0 2 2 1*
4 0 1 2 0
5 0 1 2 0
* Hotspots mostly embedded with pinched plasma column.
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around 500–900 lm, as observed with 4 lm Al ﬁlter. The mecha-
nism of hotspot formation is a complex phenomenon and has no
clear explanation till now. Originally, it was proposed that the
hotspot formation is associated with the growth ofm = 0 instability
[3]. But, Choi et al. [37] proposed that the hotspots are not the
manifestation of the m = 0 instabilities. Silva and Favre [38]
proposed that ﬁrst hotspots develop in a stable plasma column
during compression of the current sheath, which may be due to
radiative collapse mechanism or due to local plasma density
changes. However, the hotspots observed at maximum compres-
sion or later period might be related to m = 0 instabilities. In our
experiment, the hotspot formation exists more or less in all the
anode designs. However, it has been noted that the oval and diver-gent anode design seems to favor the formation of hotspots as its
numbers are found relatively more in these anode designs. In case
of converging anode, even if some tiny spots are present in the
dense region, it is not possible to distinguish clearly as such spots
might be packed closely to each other inside the dense region.
However, one or two spots are also observed in the slightly less
dense peripheral region. Tabulated data of observation of hotspots
at each individual optimum pressure in different anode designs are
illustrated in Table 1. From the table, it is seen that the oval anode
tip is more favorable for the formation of hotspots in PF device fol-
lowed by divergent anode tip than the conventional cylindrical an-
ode design. The probability of occurrences of instabilities is more in
case of oval and diverging anode as discussed earlier which may be
the reason behind the enhancement of hotpots formation.
It is notable that there are some limitations in depicting the for-
mation of m = 0, 1 instabilities and hotspots by X-ray pinhole
camera with Al ﬁlters of different thicknesses. It gives overall pic-
ture and therefore the structure would deﬁnitely differ from the
actual ones because of some technical limitations of the time
integrated pinhole camera. One of such limitations is that as it is
time-integrated diagnostics, overlapping of images may occur for
which exact information on the structure may be lost. Neverthe-
less, the simple imaging technique adopted in this investigation
is providing sufﬁcient information on the pinch structure from
the PF device.
To corroborate our results of the triple pinhole camera, three
channels of a diode X-ray spectrometer [25] covered with Alumi-
num ﬁlters of thickness 2, 4, and 6 lm are employed to detect time
resolved X-ray emission from our PF device. X-ray signals captured
by the X-ray spectrometer are shown in Fig. 15(a) and (b) for two
different anode shapes namely converging anode and diverging an-
ode. It is obvious that the X-ray intensity changes while passing
0.1
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N. Talukdar et al. / Results in Physics 3 (2013) 142–151 149through ﬁlters of different thicknesses, which is also evident from
Fig. 15(a) and (b). These types of X-ray intensity variation are also
observed in case of pinhole camera images of entire anodes (e.g.,
Figs. 6, 7, 9 and 13). In case of diverging anode (Fig. 7), we hardly
observed edge region only in the image with 6 lm Al ﬁlter. Corre-
spondingly, the intensity of X-ray signal with 6 lm Al ﬁlter is
found to be very less as seen in Fig. 15(b). On the other hand, we
observed clear images (Fig. 13) as well as good X-ray signals from
p-i-n diode (Fig. 15(a)) with entire ﬁlter in case of converging
anode. Similarly, it is observed that the intensity of X-ray emission
in case of cylindrical and oval anodes is lying in between conical
and diverging anodes as evident from the X-ray ﬂux (area under
the X-ray pulse of p-i-n diode signal) of entire anodes (Fig. 16).
The results of X-ray emission, obtained from p-i-n diode signals
with the different anode shapes of the PF device may be a good
support to our ﬁnding by a triple pinhole camera.Cylindrical Diverging Oval Converging
Anode tip designs
Fig. 16. X-ray ﬂux at optimum pressure of each anode tip for different ﬁlters.
Fig. 17. Radiograph of Al foil of different thicknesses.3.2. Qualitative information of induced accelerating ﬁeld
The qualitative idea of induced accelerating ﬁeld can be brought
from the measurement of hard X-ray emission from PF device as
the energy of hard X-ray is related to the energy of electron beam
bombarded to the anode edge, which in turn is related to the
strength of induced accelerating ﬁeld. Therefore, a new idea of
using pinhole to measure radiation energy with a simple foil
absorption technique [39] has been used to estimate the effective
hard X-ray photon energy from PF device to have an idea about
the accelerating ﬁeld of different anode designs. In this technique,
radiograph of Al foils of different thicknesses (0.4, 0.8, 1.2, 1.6 and
2.0 mm) is taken. One of such radiographs, taken with diverging
anode tip is shown in Fig. 17. A computer MATLAB program
scanned the corresponding gray level for each radiograph. The gray
level of the radiograph indirectly gives the intensity of X-ray inci-
dent on the X-ray ﬁlm, i.e., the gray level is proportional to the
incident X-ray. Treating intensity of the gray level with 0.4 mm
Al foil to be I0 and with Al foil of thickness 0.8, 1.2, 1.6 and500.0n 1.0 1.5 2.0 2.5 3.0
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Fig. 15. Typical X-ray signal for (a) converging an2.0 mm to be I1(x), I2(x), I3(x), and I4(x) respectively, ratio of I(x)
to I0 is estimated and plotted as a function of thickness as shown
in Fig. 18. The slope of the curve gives the linear attenuation
coefﬁcient (l) of Al foil and it is found to be 0.5. The l/q (q is
the density of Al foil) value is then ﬁtted into the NIST data curve500.0n 1.0 1.5 2.0 2.5 3.0
0
4
8
SXR with 6 µm Al filter 
Time ( s)
(b)
0
4
8
SXR with 4 µm Al filter Si
gn
al
 a
m
pl
itu
de
 (a
.u.
)
0
4
8
SXR with 2 µm Al filter 
-4
0
4
8
dI/dt  signal 
µµµµµ
d (b) diverging anode tips with dI/dt signal.
Fig. 18. Graph of ln [I(x)/I0] as a function of Al thickness for ﬁve spots.
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effective hard X-ray photon energy. To crosscheck the results,
another technique [8], which is somewhat different from the radio-
graph technique, is adopted to measure hard X-ray photon energy,
where hard X-ray signals from two identical photo-multiplier
tubes (PMT) are used. The effective hard X-ray photon energies
are calculated for each anode tip for both the techniques and tab-
ulated in Table 2. The results are obtained from the average of six
PF shots at an optimum operating pressure of hydrogen gas. Table 2
illustrates that the average hard X-ray photon energy varies with
the anode shapes. It is highest in case of converging anode tip
and lowest in case of oval anode tip since, the energy of hard X-
ray is related to the energy of accelerated electron beam bom-
barded to the anode edge [41]. Thus, the magnitude of induced
accelerating ﬁeld, which is responsible for the acceleration of elec-
tron beam, is more in converging anode tip in comparison to other
anode tips. The generation of induced ﬁeld in PF device is still
unclear. There are several mechanisms proposed to explain the
generation of induced accelerating ﬁeld in the context of accelera-
tion of ion and electron beam. Most of which are based on rapid
change in inductance during compression, diffusion of azimuthal
magnetic ﬁeld and increase of anomalous resistivity [42–45].
Gribkov et al. [46] have proposed a high vortex electric ﬁeld gener-
ation, which is connected with the magnetic ﬁeld penetration and
fast increase in anomalous resistivity. We believed that the sharp
increase in plasma inductance as well as anomalous resistivity dur-
ing compression of current sheath induces high electric ﬁeld inside
the plasma column. The higher accelerating ﬁeld means faster
change in pinch inductance or anomalous resistivity, which is
due to the higher radial collapse speed of current sheath [20]. Addi-
tionally, the severe erosion of anode tip in case of converging
anode [7] as mentioned earlier, causes a remarkable increase inTable 2
Effective hard X-ray energy, measured by radiography and PMT signal intensity ratio
technique.
Anode tip design Average hard X-ray energy (in keV)
Radiography technique PMT signal intensity
Cylindrical 105 104
Diverging 85 88
Oval 77 80
Converging 121 119resistivity of plasma, enhancing the induced accelerating ﬁeld
[47]. In case of diverging tip, the optimum operating pressure is
relatively low in comparison to other anode tips and hence the
pinch current density will be low. This results in a relatively low
induced acceleration ﬁeld. In addition to this, the compressed mass
in pinched plasma column will be lower due to lower operating
pressure in diverging anode tip as compared to the converging
one and this will give less number of energetic electrons that will
be available to generate harder X-rays from the anode tip. However
in case of converging anode, the current sheath compresses more
mass at the top of the anode tip and a much localized induced ﬁeld
is generated at top of the anode. Thus, the most of energetic elec-
trons so generated may directly hit the tip to illuminate it brightly.
In case of oval anode tip, the current sheath is disturbed during its
motion toward the open end due to its shape as discussed earlier
and thus resulting in a more unstable pinch phase as evident from
Fig. 10. So, in this case, the acceleration of electrons might be inﬂu-
enced by some other effect such as instabilities in addition to the
normal acceleration process as discussed earlier.
4. Conclusion
We have studied the effect of anode shape on pinch structure of
PF device, operated with four anodes of different tip shapes namely
cylindrical, diverging, oval and converging. The images of pinching
region were captured by a triple X-ray pinhole camera. It has been
observed that pinched structure of PF device strongly depends
upon anode tip designs. The oval and diverging anode tips are ob-
served to be more conducive for the formation of instabilities
(m = 0, 1) and hotspots. The ﬁndings of triple pinhole camera are
supported by our results of p-i-n diode X-ray spectrometer. The
formation of hotspots seems to be related to the formation of
m = 0 instabilities. The effective hard X-ray photon energy (105,
85, 77 and 121 keV for cylindrical, diverging, oval and converging
anode tips, respectively) was also estimated by the radiography
method for all the anode tip designs, which indirectly provide a
qualitative idea that the generation of induced accelerating ﬁeld
in the pinched column during compression is more in case of con-
verging anode tip and it is lowest in case of oval anode tip.
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